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Superconducting vortex cores have been extensively studied for magnetic fields applied perpendic-
ular to the surface by mapping the density of states (DOS) through Scanning Tunneling Microscopy
(STM). Vortex core shapes are often linked to the superconducting gap anisotropy—quasiparticle
states inside vortex cores extend along directions where the superconducting gap is smallest. The
superconductor 2H-NbSe2 crystallizes in a hexagonal structure and vortices give DOS maps with a
sixfold star shape for magnetic fields perpendicular to the surface and the hexagonal plane. This
has been associated to a hexagonal gap anisotropy located on quasi two-dimensional Fermi surface
tubes oriented along the c axis. The gap anisotropy in another, three-dimensional, pocket is un-
known. However, the latter dominates the STM tunneling conductance. Here we measure DOS in
magnetic fields parallel to the surface and perpendicular to the c axis. We find patterns of stripes
due to in-plane vortex cores running nearly parallel to the surface. The patterns change with the
in-plane direction of the magnetic field, suggesting that the sixfold gap anisotropy is present over
the whole Fermi surface. Due to a slight misalignment between the vector of the magnetic field
and the surface, our images also show outgoing vortices. Their shape is successfully compared to
detailed calculations of vortex cores in tilted fields. Their features merge with the patterns due to in
plane vortices, suggesting that they exit at an angle with the surface. Measuring the DOS of vortex
cores in highly tilted magnetic fields with STM can thus be used to study the superconducting gap
structure.
The superconducting compound 2H-NbSe2 is con-
sidered as a prototypical example of a material with
highly anisotropic superconducting properties—for in-
stance, the upper critical field is three times larger when
the field is applied in-plane than when it is perpendic-
ular to the planes of the hexagonal crystalline struc-
ture [1]. The Fermi surface of 2H-NbSe2 has two tubes
around the Γ and K points due to bands derived from
Nb orbitals which are nearly two-dimensional and a small
three-dimensional pocket centered on the Γ point due to
bands derived from Se orbitals [1–5]. A charge density
wave (CDW) opens below 30 K in 2H-NbSe2, coexisting
with superconductivity below Tc = 7.2 K [4]. STM mea-
surements in magnetic fields perpendicular to the hexag-
onal planes provide DOS maps giving sixfold vortex cores
and the atomic scale tunneling conductance has a sixfold
modulation [6–10]. Photoemission experiments suggest
that the CDW induces the sixfold anisotropic supercon-
ducting gap [3, 4]. This is reinforced by STM measure-
ments on the superconducting gap in the isostructural
compound 2H-NbS2, which has a similar Tc and no CDW
and is isotropic in-plane [11].
Photoemission experiments also suggest that the su-
perconducting gap anisotropy is located in the Nb tubes
and do not address the three dimensional Se derived band
[3, 4]. On the other hand, penetration depth studies show
that the gap at the Se sheet is large [12]. Furthermore,
the Se sheet plays an essential role in most tunneling ex-
periments [5]. Tunneling occurs preferentially through
the last layer that consists of the hexagonal Se atom lat-
tice [5, 13]. It is however yet unclear what is the con-
tribution of the electronic properties derived from Se to
the superconducting gap anisotropy. To study this is-
sue, measurements of the vortex core shape on a surface
perpendicular to the c axis would be useful. However,
no vortex imaging can then be made, because the sur-
face is highly irregular due to the sheet-like structure of
samples of 2H-NbSe2. Here we study the usual surface of
2H-NbSe2, parallel to the hexagonal plane, and apply the
magnetic field perpendicular to the c axis, nearly parallel
to the surface. We visualize the DOS patterns produced
on the surface by in-plane vortex cores and relate these
to the out of plane gap anisotropy. We also calculate the
spatial dependence of the DOS in tilted vortex cores.
Hess et al. measured the vortex lattice of 2H-NbSe2
with STM in tilted magnetic fields [14, 15]. They fo-
cused on the structure of the vortex lattice and found
a distortion of the hexagonal lattice compatible with the
anisotropy of the upper critical field, as well as a rotation
of the orientation of the vortex lattice that is consistent
with the anisotropic London theory [16–18]. When the
magnetic field was close to being parallel to the hexago-
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2nal planes, they observed elongated vortex cores, instead
of the sixfold cores seen in perpendicular fields, and a
peculiar pattern of stripes. More recently, this pattern of
stripes was addressed in STM measurements with the
field exactly in-plane focusing on the influence of the
structure of the vortex lattice and of screening currents
[19, 20]. Until now, there is no systematic study of the
vortex core shape with the in-plane direction of the mag-
netic field and the origin of the observed stripe pattern
remains unclear.
We perform a detailed study as a function of the di-
rection and bias voltage and show that the pattern of
stripes is due to bound states of subsurface vortices. Fur-
thermore, we find that the pattern changes between a
two-fold vs three-fold structure depending on the direc-
tion of the in-plane magnetic field with respect to the
crystalline direction in the hexagonal plane. The images
strongly change with the bias voltage, with the stripes
disappearing when reaching the gap edge. We perform
microscopic calculations of the DOS maps and their bias
voltage dependence and find that the shape of in-plane
vortex cores depends on the direction of the magnetic
field with respect to the in-plane crystal lattice direction.
RESULTS
In Fig. 1a we show the vortex lattice at 0.6 T with vary-
ing polar angle θ. The magnetic field is tilted at a fixed
azimuthal angle ϕ = 0◦, along an in-plane crystalline
axis. That is, along the nearest neighbor axis in the
hexagonal plane of the atomic surface plane (given by Se
atoms, see supplementary information and Refs. [8, 10]).
For all tilts we observe a peak in the tunneling conduc-
tance due to Caroli–de Gennes–Matricon bound states
at the center of the vortex cores, similar to the one ob-
served at perpendicular magnetic fields [6–8, 10]. How-
ever, there are remarkable differences in tilted fields.
The vortex core as observed in the zero bias tunneling
conductance maps continuously increases its size when
tilting the magnetic field and acquires a two-fold shape
at nearly in-plane magnetic fields. For these high tilt
angles, we observe a pattern of stripes in the zero bias
tunneling conductance maps (Fig. 1b).
In Fig. 1c we show the bias-voltage dependence of the
tunneling conductance when crossing a stripe. We start
from a gapped behavior in-between vortices and observe
a small zero-bias peak when we cross the stripe. The
zero-bias peak splits into two peaks at nonzero bias when
leaving the center of the stripe (Fig. 1c inset, see also
Fig. S5 of the supplementary information), as expected
for Caroli–de Gennes–Matricon bound states [6–8, 10].
Thus, the stripes result from vortex-core bound states
from subsurface vortices oriented along the tilt direction.
Accordingly, the stripes always follow the direction of the
magnetic field.
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FIG. 1. Tilted vortex cores. (a), The vortex lattice as a
function of the polar angle (θ) at 0.6 T and fixed azimuthal
(ϕ = 0◦) angle. Images show the zero-bias normalized con-
ductance (normalized conductance units, NCU). Scale bar is
of 50 nm. Note the increase in the vortex core size when
tilting the magnetic field. In the lower right panel we show
the density of the vortex lattice at the surface (points) com-
pared to expectations using the anisotropic London theory
[16]. (b), Zero bias conductance maps with polar angle close
to θ = 90◦ (see text and methods section for the uncertainty
in θ) for two different azimuthal angles ϕ = 0◦ (left panel)
and ϕ = 30◦ (right panel). Color scale of both figures is given
in top right corner of a. (c), Normalized tunneling conduc-
tance curves when crossing a stripe along the red line shown in
the lower right inset. Upper inset shows the evolution of the
conductance close to zero bias, with a dashed red line mark-
ing the splitting of the zero-bias peak. All data are taken at
T = 150 mK.
In addition, the pattern of stripes changes with the
in-plane azimuthal angle ϕ with respect to the in-plane
hexagonal crystal lattice. For the field along a crystal
axis, ϕ = 0◦ (left panel of Fig. 1b), the amount of stripes
is about half the amount of stripes observed for ϕ = 30◦
(right panel of Fig. 1b, this is at 90◦ (or equivalently at
330◦) from the nearest neighbor Se–Se direction of the sur-
face atomic lattice, see supplementary information and
Refs. [8, 10]). The distance between vortices in the bulk
is about 90 nm for a parallel magnetic field of 0.6 T. In
Fig. 1b (left panel), when the magnetic field is along a
crystalline axis (ϕ = 0◦), we obtain 90 nm for the aver-
age distance between stripes. On the other hand, when
the tilt of the magnetic field is in between crystalline
axis (ϕ = 30◦), we observe an average distance between
stripes of 40 nm, about half the value found for ϕ = 0◦
(Fig. 1b, right panel). This suggests that there is one
stripe per in-plane vortex for ϕ = 0◦, but two stripes for
ϕ = 30◦ per in-plane vortex. We can understand this
if we consider that the in-plane vortex has a star shape,
whose orientation changes with ϕ. As we will see below,
a sixfold star vortex core whose shape is locked to the
crystal lattice can provide such a behavior.
In Fig. 2 we compare the bias voltage dependence in
perpendicular and tilted fields. In perpendicular mag-
netic fields, when increasing the bias voltage, we observe
the same behavior as reported previously, showing the
star shaped DOS associated to the in-plane anisotropy
of the superconducting gap [8, 10]. In tilted magnetic
fields, the bias voltage dependence of the conductance
maps is completely modified. The stripes observed at
zero bias are no longer seen at higher bias (middle and
right panels in Fig. 2). Instead, we observe broad dark-
bright patterns along the tilt of the magnetic field.
Note that the images show several outgoing vortices,
in addition to the stripes. From the vortex density we
obtain θ = 87.5◦ in Fig. 1b left panel (and in Fig. 2 mid-
dle column), and θ = 85.6◦ in Fig. 1b right panel (and in
Fig. 2 right column). These angles are within the possible
misorientation with respect to a parallel magnetic field
that can be obtained in our experiment (see methods).
As we discuss in detail below, vortices might come out
either perpendicular or at an angle to the surface. The
shape of the vortices we observe in highly tilted fields, as
well as their bias voltage dependence, is totally different
than the shape of vortices in perpendicular fields. Their
structures actually merge into the stripes when leaving
the vortex centers, having the same two vs three fold
structure of rays that extend into the stripes far from
vortex cores. They are also, as remarked above, consid-
erably larger than vortices in perpendicular fields. Thus,
we are observing vortices exiting the surface at an angle.
To model such a situation, we perform microscopic cal-
culations of tilted vortex cores in a superconductor with a
sixfold gap anisotropy. It turns out that it is a formidable
task to calculate the vortex core shape in tilted mag-
netic fields because one needs to obtain the DOS as a
function of the position in three-dimensional space with
a high spatial accuracy and then analyze the magnetic
field and gap structure as a function of the tilt. This
has never been achieved, to our knowledge. We start by
building DOS maps of isolated vortices in an effective
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FIG. 2. Tilted vortex cores vs bias voltage. Conductance
maps showing the evolution of the shape of the vortex cores
as a function of the bias voltage. Left panels show the bias-
voltage dependence of conductance images when the field of
0.6 T is parallel to the c axis. Middle and right panels show
the bias voltage dependence with nearly parallel fields (ϕ = 0
middle panels and ϕ = 30◦ right panels, θ ≈ 90◦ in both
cases, see text and methods for uncertainty in θ). We show
schematically the direction of the tilt by the red arrows. Scale
bars are of 30 nm in the left column and 120 nm in middle
and right columns. Color scale is as in Fig. 1a.
two-dimensional model and calculate the DOS maps as a
function of energy and the azimuthal angle of the mag-
netic field. We simulate a vortex tilted to the hexagonal
plane by a two-fold distribution of the supercurrent along
the tilt, using calculations of Ref. [21]. We introduce in
addition a shift q in the condensate momentum to ac-
count for the current distribution due to the in-plane vs
out-of-plane crystalline anisotropy. In Fig. 3 we show the
vortex-core shape from contours of constant order param-
eter around the vortex cores when tilting the magnetic
field (a and b) with zero q and with nonzero q (c and
d). With zero q, we see that the DOS pattern becomes
elliptical. With a finite q we find that the DOS map of
the vortex core develops a comet like shape, increasing
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FIG. 3. Order parameter distribution for tilted vortex
cores. Contours at a constant value of the order parameter
are given for three values of the tilt of the magnetic field τ
(τ = 0: dashed; 0.5: thick; 1: thin) with (a) field tilted along
the a axis (ϕ = 0◦) and (b) field tilted perpendicular to the
a axis (ϕ = 30◦). (c) and (d) Results at τ = 0.5 for three
values of q (qa = 0: dashed; 0.004: thick; 0.008: thin, a
being the lattice parameter) for ϕ = 0◦ and 30◦, respectively.
The shape of the vortex core from the zero bias tunneling
conductance in perpendicular fields is schematically marked
by the red star for reference.
considerably its size along the tilt of the magnetic field.
The comet shape has a two-fold structure perpendicu-
lar to the tilt when the tilt is along a crystalline axis
(ϕ = 0◦) and a triangular form when the tilt is at 30◦ to
a crystalline axis (ϕ = 30◦).
In Fig. 4 we show the energy dependence of the DOS
with the field tilted along the nearest-neighbor direction
of the vortices and perpendicular to this direction (mid-
dle and right columns, respectively). We see that the vor-
tex core shape obtained from the DOS is highly energy
dependent. The spatial extension of the DOS around a
vortex core is considerably larger in tilted fields. This is
consistent with the observed increase in the vortex core
size in the tunneling conductance when comparing maps
made at perpendicular field with maps at nearly parallel
fields (Fig. 1a). For energies close to the gap edge, at 0.8
meV the spatial extension is considerably reduced and
has more structure.
Note that the model addresses a single vortex. Stripes
result from vortex cores lying in-plane that reach the sur-
face. Stripes of neighboring subsurface vortices extend to
the surface and join each other. The shape of the order
parameter extends along directions that change with the
azimuthal angle ϕ (Fig. 3), indicating that along these
directions states of neighboring vortices overlap and lead
to the observed stripes. In Fig. 3c we observe that the
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FIG. 4. Calculated tilted vortex core shape vs energy.
In the left column we show the DOS at the indicated ener-
gies for a vortex with field tilted along the a axis (ϕ = 0◦)
without taking into account screening surface currents, as in
Fig. 3a. In the other columns we show the result for ϕ = 0◦
(middle column) and ϕ = 30◦ (right column) with a current
of qa = 0.008 in the direction shown by the red arrow in up-
per panels. The scale bar is of 30 nm. The color map goes
from yellow (minimum DOS) to the zero bias peak in the DOS
(as discussed in the supplementary information) in black. The
white dots show the phase singularity point. The tilt strength
is τ = 0.5 in all panels. Insets on top panels display the core
shape on a logarithmic color scale together with the shape of
the order parameter as in Fig. 3c and 3d (dashed lines), and
an iso-contour of the DOS (red lines).
vortex extends preferentially along its sides, leading to
the two-fold structure seen in the left panel of Fig. 1b.
In Fig. 3d (Fig. 1b, right panel), we observe instead that
the vortex core extends along the tilt and its sides, lead-
ing to the additional stripe exiting from the center of
vortex cores in the right panel of Fig. 1b.
Note also that the model reproduces features of the
bias voltage dependence of vortices exiting the surface at
an angle. In particular, the increase of the DOS along the
5tilt for zero bias reverses for high bias. We can take in
Fig. 4 the phase singularity (white point) as a reference
to compare DOS maps for different bias. The tunnel-
ing conductance is high (bluish, high DOS) at low bias,
but lower (yellowish, low DOS) at high bias along the
direction of the magnetic field. Similarly, the vortices
observed in Fig. 2 (middle and right columns) change
their two-fold shape along the magnetic field.
DISCUSSION AND CONCLUSIONS
Vortices in tilted fields close to the surface are very
different in 2H-NbSe2 than in other materials. In the
isotropic superconducting material β−Bi2Pd, vortices
at the surface have the same shape whatever the in-
plane direction of the magnetic field [22]. On the other
hand, highly anisotropic materials like cuprates show
two-dimensional pancake vortices, with the same shape
at the surface than for perpendicular fields [23, 24]. In
both cases, the vortex core in tilted magnetic fields just
shows the anisotropic properties in the plane, either be-
cause vortices bend close to the surface in β−Bi2Pd or
because vortices are fully confined within the layers (pan-
cake vortices) in the cuprates. In 2H-NbSe2 the observed
DOS patterns are spatially highly structured at all bias
voltages, indicating a more intricate situation.
In order to explain this situation, let us consider the
energetics of vortices close to the surface in tilted mag-
netic fields and how this influences the three different
systems mentioned here. We have to consider the bal-
ance between the elastic energy cost associated with vor-
tex bending, which favors straight vortices exiting at an
angle to the surface, and the cost associated with estab-
lishing strongly distorted current loops around vortices
close to the surface which favors circular current loops
and vortices exiting perpendicular to the surface [24, 25].
The shear modulus c44 is given by c44 ≈ (1 + k2λ2)−1
with k being the wavevector for the distortion [25]. Close
to the surface, the wavevector relevant for this problem
is k = 1/a where a is the bending radius. a is given by
the minimum between the intervortex distance a0 and
the penetration depth λ [26]. For the magnetic fields
considered here, a0 is of about 90 nm, always smaller
than λ, thus a ≈ a0. On the other hand, the current
distribution surrounding the vortex is determined by the
anisotropy of the upper critical field and is elliptical, with
its short axis along the direction where the upper critical
field is higher (and the coherence lengths smaller) [25,
27, 28].
In β−Bi2Pd, vortices exiting the surface have a circu-
lar shape and bend close to the surface [22]. The shear
modulus of the vortex lattice is isotropic and the lattice
is sufficiently soft that it is energetically favorable to exit
perpendicular to the surface for all tilts. The upper crit-
ical field in β−Bi2Pd is low (0.6 T) and the coherence
length of about 20 nm, so that vortices are larger than
in 2H-NbSe2 and the cuprates and certainly round be-
cause the upper critical field is nearly isotropic [29, 30].
In β−Bi2Pd, λ ≈ 100 nm, which increases the elastic en-
ergy associated with vortex bending close to the surface
as compared to materials with larger λ [22, 30]. However,
this is balanced by the gain in establishing current loops
parallel to the surface with bent vortices [21].
In the cuprates, tilted fields create arrangements of
crossing pancake and Josephson vortex lattices whose
structure strongly depends on the temperature, magnetic
field and tilt [31–34]. Lattices of pancake vortices slightly
shifted between layers can appear under some conditions,
leading in essence to tilted lines of vortices that are ex-
pected to exit at an angle to the surface [21, 35–37].
However, at least for materials in which the c-axis co-
herence length is below the interlayer distance, there is
no reason for vortex bending as no Abrikosov vortices are
established between layers. Current loops of Abrikosov
vortices are parallel to the surface, and the balance is
rather played by the interaction between Abrikosov and
Josephson vortex lattices.
Here in 2H-NbSe2, the upper critical field anisotropy is
of a factor of three and the out of plane coherence length
is well above the c-axis lattice constant [15, 38, 39]. This
creates elliptical Abrikosov vortices (there are no Joseph-
son vortices) with the short axis perpendicular to the sur-
face. This helps establishing current loops close to the
surface, as the vortex is anyhow shorter along the direc-
tion perpendicular to the surface. Vortices can thus exit
at an angle to the surface, neither parallel nor perpen-
dicular to the surface. This leads to an intricate surface
current pattern that modifies the vortex core shape at all
bias, as shown by the vortices imaged in our experiment.
On the other hand, the appearance of stripes is also
unique to 2H-NbSe2. As we show above, this is due to
subsurface vortex cores. The zero bias peak due Caroli–
de Gennes–Matricon states is indeed a characteristic fea-
ture of 2H-NbSe2 and it extends indeed over distances
far from the vortex core [7, 8, 10]. In our experiments,
the distance between stripes from subsurface vortices is
comparable to the intervortex distance expected for the
applied in-plane magnetic field, with each subsurface vor-
tex providing a different number of stripes, depending on
the in-plane direction of the tilt, as shown in Fig. 1b and
as discussed in connection with Fig. 3.
The combined appearance of stripes and vortices could
be also due, in principle, to crossing perpendicular vortex
and parallel vortex lattices[40]. Within such a situation,
however, it seems quite difficult to obtain patterns of
stripes with distances that change when varying the in-
plane direction of the tilt.
We can conclude that the differences between 2H-
NbSe2, β−Bi2Pd and the cuprates are due to a totally
different DOS pattern for parallel magnetic fields. The
pattern results from subsurface vortex cores and provides
6access to the shape of in-plane vortices and thus to the
gap anisotropy in the out-of-plane three-dimensional part
of the Fermi surface.
The shape of the superconducting gap along the c axis
should influence the dependence of the core shape with
the in-plane direction of the tilt. As we show above,
the main asymmetric features observed in our experiment
and their dependence with the azimuthal angle can be
explained by a sixfold anisotropic superconducting gap
in 2H-NbSe2. This shows that the sixfold gap anisotropy
is spread over the whole Fermi surface.
It is useful to compare to the situation in MgB2, where
vortex cores have been studied for magnetic fields always
applied perpendicular to the surface, but with surfaces
out- as well as in-plane [41, 42]. An elongated vortex
core shape was expected for fields in-plane, due to the
two-dimensional part of the Fermi surface [43]. This was
however not observed. Vortices are round out- and in-
plane, with their shape being dominated by the three-
dimensional part of the Fermi surface, both the vortex
core shape in the DOS [41–43] as well as in the mag-
netic field pattern [44]. It was concluded that tunneling
is dominated in all cases by the three-dimensional part of
the Fermi surface. Tunneling in 2H-NbSe2 is also domi-
nated by the three dimensional part of the Fermi surface,
here due to the stronger contribution to tunneling of the
Se orbitals [5]. However, the situation is quite different.
Whereas the three-dimensional pocket amounts for the
largest part of the DOS at the Fermi level in MgB2, the
Se pocket in 2H-NbSe2 is small and amounts just for 20%
of the DOS [5]. The gap anisotropy in 2H-NbSe2 was un-
til now just associated to the Nb two dimensional sheets.
As we show here, the sixfold gap anisotropy remains out-
of-plane, which suggests that it is present over the whole
Fermi surface.
Interband interactions are strong in 2H-NbSe2 [5]. Al-
though there are evidences for a two gap behavior from
tunneling spectroscopy, penetration depth and thermal
conductivity [5, 10, 12, 45, 46], the obtained spread in
gap values is of a factor of 1.5 or at most 2. Our mea-
surement suggest that interactions are such that the six-
fold anisotropy in the shape of the superconducting gap
is inherited from the Nb two-dimensional bands over to
the whole Fermi surface.
STM in tilted magnetic fields is thus a sensitive
probe of the superconducting electronic DOS, particu-
larly in three-dimensional superconductors with strongly
anisotropic and sharply defined vortex core bound states.
The main advantage with respect to studying different
crystalline surfaces is that the direction of the magnetic
field can be varied at will on a single surface. Efforts,
still under development, have been also devoted to other
techniques. Quasiparticle interference has been extended
out of the surface plane by triangulating electronic wave-
functions from in-depth impurities or studying inter and
intraband scattering [47–52]. Macroscopic specific heat
and thermal conductivity measurements in rotating fields
have been also performed with the aim to obtain the
anisotropy of the superconducting gap [53]. These pro-
vide the spatially averaged DOS and are influenced by
scattering effects, whereas STM provides directly the spa-
tially resolved electronic DOS, i.e. in and around vortex
cores.
METHODS
Model and calculations. We create a microscopic
model with a sixfold anisotropic superconducting gap,
by a triangular lattice and a tight-binding dispersion
(see the supplementary information for more infor-
mation). To calculate the spatial dependence of the
superconducting DOS we need a very large system
size. In the low-energy region the inter-level spacing
is ∆E ∼ ~vF∆k with ∆k = 2pi/(Na), where Na is
the linear system size. In order to reach a resolution
∆E . 1 meV of the order of the superconducting gap, a
total number of unit cells N2 & 200 000 is required. This
sets the size of the Bogoliubov-de Gennes Hamiltonian
to at least 400 000 × 400 000. Straight diagonalization
is therefore not an option. Instead we use the method
described in Ref. [54], the DOS is expanded on Cheby-
shev polynomials of the Hamiltonian and can thus be
evaluated iteratively with low memory cost, even for
very large systems. We use a finite lattice made of M
concentric hexagons surrounding the site where the DOS
is calculated. To reach the desired accuracy we perform
the calculation with M = 1000, corresponding to a
lattice of 3 003 001 sites. The Chebyshev expansion is
truncated at order 4M and terminated using the Jackson
kernel [55, 56]. To obtain results in an applied magnetic
field and as a function of position and energy we use a
Lawrence-Doniach model following Ref. [21]. We are not
aware of an equivalent model for vortex lattices—hence
we consider only isolated vortices. In the supplementary
information we solve the nonlinear model of Ref. [21]
to leading order in the tilt angle and get an analytical
expression for the phase. The distortion is proportional
to the tilt strength defined as τ = ξ2ab/(2ξ
2
c ) tan
2 θ, with
θ being the polar angle. The DOS maps and anisotropies
of the order-parameter are determined self-consistently
as a function of τ . We use tilt strengths of τ ≈ 0.5,
which correspond to small θ ≈ 15◦. We believe that this
accounts well for our situation, with a three dimensional,
strongly anisotropic superconductor. To further address
this anisotropy, we introduce an additional phase in the
order parameter, i.e., Φ(r) → Φ(r)− q · r, with q being
a surface current. We take q up to about one third of
the value corresponding to the critical current.
Scanning tunneling microscopy methods. We
use a setup described in Ref. [57] which consists of a
7dilution refrigerator with a STM thermally anchored to
the mixing chamber reaching temperatures of 150 mK.
The STM is located at the center of a three axis magnet.
The three axis magnet consists of a long solenoid provid-
ing the z-axis magnetic field and a pair of split coils for
x- and y-axis magnetic field components. We estimate
the accuracy in the determination of the azimuthal and
polar angles θ and ϕ at the magnetic fields used here (of
order of a Tesla) to be about 4–5◦. This uncertainty is
composed of a possible slight misalignment of the surface
of the sample with respect to the coil system and of re-
manent magnetic fields inside the coils, that can be in
the range of the mT. We measure high quality 2H-NbSe2
samples grown using the usual iodine vapor transport
method. The in-plane tilt direction is corrected to ob-
tain values for ϕ that are fixed to the atomically resolved
hexagonal Se lattice obtained by STM imaging (see also
Fig. S3). We take tunneling conductance maps as a func-
tion of the bias voltage, as usual in vortex imaging using
STM. Sample surface has been prepared by cleaving and
the Au tip is prepared using a pad of Au as described in
Ref. [58].
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We provide the mathematical derivations used to es-
tablish our model and present results of the model for
zero magnetic field and for perpendicular fields. We fur-
ther discuss additional features of the experiment, such
as atomic resolution images of the surface and tunneling
conductance curves within and around stripes. We also
discuss the changes in the vortex lattice structure when
tilting the magnetic field. Finally, we discuss a pattern
of stripes for azimuthal angles in between those discussed
in the main text.
MODEL
We have chosen the simplest possible account of tilted
vortices in 2H-NbSe2. We need to reproduce the results
in perpendicular fields and then calculate the DOS for
tilted fields. The simplest possible way to reproduce the
results in perpendicular fields is to model the tubular
Fermi surface sheets within a single layer. This pro-
vides a six-fold anisotropic superconducting gap. It turns
out that solving the Bogoliubov–de Gennes equations for
three-dimensional vortex cores in tilted fields and in an
anisotropic superconductor is prohibitively difficult. We
thus chose to take the mentioned single layer with a six-
fold gap anisotropy and calculate the DOS obtained by
tilting the magnetic field out of the layer. As we show be-
low, we find solvable equations for not too high tilts out of
the layer. As we discuss in the main text, our results sug-
gest that this procedure accounts for some relevant fea-
tures of vortex cores in an anisotropic three-dimensional
superconductor in parallel magnetic fields.
Superconducting density of states and maps for
perpendicular magnetic fields
In Fig. S1a we provide a schematic view of the micro-
scopic input used for our tight-binding model. In phonon-
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FIG. S1. (a) Hopping amplitudes to the first (red), second
(green), and third (blue) neighbors on the triangular lattice.
(b) Hexagonal Brillouin zone and Fermi surface of the model;
dots and crosses indicate the locations of maxima and minima
of the superconducting gap, respectively. (c) Zero-field super-
conducting DOS. (d) Perspective view of the superconducting
gap along the Fermi surface.
mediated superconductors like 2H-NbSe2, the supercon-
ducting properties are set by interactions taking place in
the immediate vicinity of the Fermi surface. The relevant
energy range is determined by the Debye scale which is
~ωD = 18 meV for 2H-NbSe2 [1]. We include hopping
amplitudes t1,2,3 up to the third neighbors. The corre-
sponding electronic band dispersion measured from the
chemical potential µ is
ξk = 2t1
[
cos(kxa) + 2 cos(kxa/2) cos(
√
3kya/2)
]
+ 2t2
[
2 cos(3kxa/2) cos(
√
3kya/2) + cos(
√
3kya)
]
+ 2t3
[
cos(2kxa) + 2 cos(kxa) cos(
√
3kya)
]
− µ. (1)
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a = 3.45 A˚ is the in-plane lattice parameter. For sim-
plicity we use a one-band model. The Fermi-surface
topology (ξk = 0) only fixes the ratios t2/t1, t3/t1, and
µ/t1. We take the first two ratios from Ref. [2] by av-
eraging the values reported for the two bands and fix
the third ratio to match the Fermi surface at best. The
remaining parameter t1 sets the Fermi velocity, which
in turn controls the superconducting coherence length.
We use (t1, t2, t3, µ) = (5.6, 11.9, 2.5,−9.4) meV. The
average Fermi velocities are vΓF = 0.36 × 107 cm/s on
the Fermi-surface pocket centered on the Γ point and
vKF = 0.25 × 107 cm/s on the pockets surrounding the
K points. The phonon-mediated pairing interaction is
represented by a BCS model involving both onsite inter-
action V0 and nearest-neighbor interaction V1 with an en-
ergy cutoff at ±~ωD. To obtain a superconducting order
parameter that varies in-plane we define two parameters,
∆0 = −V0〈ψr↑ψr↓〉 describing interactions for two elec-
trons on the same site and ∆1/6 = −V1〈ψr↑ψr′↓〉 for two
electrons on neighboring sites. We find
∆k = ∆0 +
∆1
3
[
cos(kxa) + 2 cos(kxa/2) cos(
√
3kya/2)
]
.
(2)
For onsite and nearest-neighbor interactions having op-
posite signs (V0 < 0 and V1 > 0), ∆0 and ∆1 have
the same sign, as expected in 2H-NbSe2. To set their
values we require that the smallest and largest gaps on
the Fermi surface are 0.56 and 1.04 meV, respectively,
like in the empirical expression ∆0(1 + cA cos 6ϑ) where
∆0 = 0.8 meV and cA = 0.3 [3]. The resulting zero-field
DOS is displayed in Fig. S1c.
Isolated vortex and vortex lattice in perpendicular
field
We introduce the magnetic field via the Peierls substi-
tution. In Fig. S2a we show the resulting DOS map at
zero bias and in Fig. S2b the DOS along a path running
from the vortex core along the a axis. We reproduce
the well known structure of the DOS due to Caroli–de
Gennes–Matricon states [3–6]. To highlight the main fea-
tures and better compare with experiment, we introduce
a Lorentzian smearing of the DOS (Fig. S2d). The evolu-
tion of the resulting DOS maps with energy is displayed
in Figs. S2e–S2h.
For a magnetic field oriented along the c axis we start
with the Ansatz
∆rr′ = δrr′∆0 tanh
(
r
ξ(ϑr)
)
e−iϑr
+ δ|r−r′|,a
∆1
6
tanh
(
|r + r′|/2
ξ
(
ϑ r+r′
2
) ) e−iϑ r+r′2 . (3)
This provides a sixfold anisotropy in the DOS maps that
can be parameterized by a length scale varying with the
0.0 meVa b
0.0 meVc d
0.2 meVe 0.4 meVf
0.6 meVg 0.8 meVh
FIG. S2. (a) Zero-bias DOS and (b) energy-dependent DOS
along the red line drawn in (a). The inset in (a) shows one
core on a logarithmic color scale, highlighting the star shape
pointing toward next-nearest neighbor vortices. In (c)–(h)
the DOS is broadened with a Lorentzian of width 0.7 meV.
(c) and (d) are like (a) and (b) with the broadened DOS. (e)–
(h) show the broadened DOS at finite energies. The scale bar
is of 30 nm. The color scale in (c) and (e)–(h) goes from
yellow in-between vortices to a common maximum value in
black.
in-plane angle ϑ as
ξ(ϑ) = 12 (ξ10 + ξ01) +
1
2 (ξ10 − ξ01) cos(6ϑ). (4)
Here ξ10 and ξ01 are length scales describing the spatial
extension of the DOS along the (10) and (01) directions.
This Ansatz provides the DOS maps with just two pa-
rameters ξ10 and ξ01 that are determined self-consistently
under the constraint that (ξ10+ξ01)/2 = 10 nm. The con-
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straint was implemented by adjusting the hopping ampli-
tude t1. In a magnetic field of 0.6 T we find only a slight
anisotropy, which is enough to discuss and compare with
our experiments.
Recently, a functional form more precise than tanh was
established for the spatial dependence of the DOS in vor-
tices that are in-plane isotropic [7]. Here, vortex cores are
anisotropic and the anisotropy is not influenced by using
more involved functional forms than tanh. We thus stick
to the most simple function giving a spatially dependent
DOS.
Isolated vortex in tilted field
We are now equipped to calculate maps of the DOS for
perpendicular magnetic fields. To make the calculations
in tilted fields, we start by solving the model of Ref. [8] for
pancake vortices. The equations for the order-parameter
phase Φn(r) in the layer n are expressed in terms of a
function ϕk which is the two-dimensional Fourier trans-
form of the phase difference between successive layers.
For the case of a single vortex tilted by an angle θ from
the vertical in the (x, z) plane this function satisfies the
nonlinear equation
k2ϕk +
(
Q2
Γ2
+
1
λ2c
)
Wk = 4pii
ky
kx
sin
(
kxa
2
)
. (5)
a = s tan θ with s the interlayer spacing, Γ = ξab/ξc,
Q2 = (2/s2)[1 − cos(kxa)], and Wk = [sinϕ(r)]k is the
Fourier transform of sinϕ(r). The derivatives of Φn(r)
are denoted Φn,α = ∂αΦn(r) and their three-dimensional
Fourier transform
Φα(k, q) =
∑
n
∫
d2rdzΦn,α(r)δ(z−ns)e−i(k·r+qz) (6)
are related to the function ϕk by
2Φx(k, q) sin
(
kxa
2
)
= kxϕkδ(qs+ kxa) (7a)
2Φy(k, q) sin
(
kxa
2
)
=
[
kyϕk − 4pii
kx
sin
(
kxa
2
)]
× δ(qs+ kxa). (7b)
We solve this nonlinear system of equations in the limit of
a small tilt angle, such that the phase difference between
successive layers is small and sinϕ(r) ≈ ϕ(r). We then
obtain
Φx(k, q) =
2piiky
k2 + 2λ−2J [1− cos(kxa)] + λ−2c
δ(qs+ kxa)
(8)
with λJ = sξab/ξc. Fourier transforming back we have
Φx(r, z) = i
∫
d2k
(2pi)2
kye
i(k·r−kxz tan θ)
k2 + 2λ−2J [1− cos(kxa)] + λ−2c
.
(9)
The ky integral is given by the expression∫ ∞
−∞
dky
2pi
kye
ikyy
A2 + k2y
=
i
2
sign(y)e−A|y|, (10)
which can be used in the limit of small angles where
k2x + 2λ
−2
J [1 − cos(kxa)] + λ−2c > 0. We then take the
limit λc →∞ and use the small-angle expansion
e−
√
k2x+2λ
−2
J [1−cos(kxa)] |y|
= e−|kxy|
[
1− a
2
2λ2J
|kxy|+O(a4)
]
to obtain
Φx(r, z) =
1
2pi
{ −y
(x− z tan θ)2 + y2
+
a2
2λ2J
−y[(x− z tan θ)2 − y2)
[(x− z tan θ)2 + y2]2
}
. (11)
Since Φx(r, z) =
∑
n Φn,x(r)δ(z−ns) we can deduce the
phase gradient in the layer n = 0:
∂xΦ0(r) =
−y
x2 + y2
(
1 +
ξ2c
2ξ2ab
tan2 θ
x2 − y2
x2 + y2
)
. (12)
The gradient along y follows in the same way:
∂yΦ0(r) =
x
x2 + y2
(
1 +
ξ2ab
2ξ2c
tan2 θ
x2 − y2
x2 + y2
)
. (13)
The solution for the phase is therefore
Φ0(r) = arg(x+ iy) +
ξ2ab
2ξ2c
tan2 θ
xy
x2 + y2
. (14)
Upon a change y → −y due to different gauge conven-
tions in Ref. [8] and in the present work, and allowing the
magnetic field to be tilted in a plane forming an angle α
with the x axis, this gives the order-parameter phase
Φ(r) = arg(x− iy)
− τ (x cosα− y sinα)(x sinα+ y cosα)
x2 + y2
. (15)
The first term is equivalent to the phase −ϑr of Eq. (3).
α is the direction of the tilt measured from the (10) di-
rection, and τ = ξ2ab/(2ξ
2
c ) tan
2 θ measures the strength
of the tilt, with ξab (ξc) the c-axis (ab-plane) coherence
length and θ the tilt angle.
We substitute Φ(r) for −ϑr in Eq. (3) and general-
ize Eq. (4) to allow for a twofold deformation along the
direction α:
ξ(ϑ) = 12 (ξ‖ + ξ⊥) +
2
3 (ξa − ξ⊥) cos[2(ϑ− α)]
+ 16 (3ξ‖ − 4ξa + ξ⊥) cos[6(ϑ− α)]. (16)
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Here ξ‖ = ξ(α) is the length scale for isocontours in the
DOS in the direction of the tilt, ξ⊥ = ξ(α + pi/2) in the
direction normal to the tilt, and ξa = ξ(α + pi/6) mea-
sures the sixfold anisotropy. Since the latter anisotropy
is most likely locked with the microscopic lattice it may
not develop at an angle of pi/6 for all α. We consider the
cases α = 0 and α = pi/2 where it does. We determine
the contours of constant order parameter, as displayed in
Fig. 3a and 3b.
In presence of a screening current, we also generalize
Eq. (16) further to allow for an asymmetry between the
front and back sides:
ξ(ϑ) = 14 (ξ
>
‖ + 2ξ⊥ + ξ
<
‖ ) +
1
2 (ξ
>
‖ − ξ<‖ ) cos(ϑ− α)
+ 23
[
ξa − ξ⊥ −
√
3
4 (ξ
>
‖ − ξ<‖ )
]
cos[2(ϑ− α)]
+ 16
[
3
2 (ξ
>
‖ +ξ
<
‖ )−4ξa+ξ⊥+
√
3(ξ>‖ −ξ<‖ )
]
cos[6(ϑ−α)].
(17)
There are now four length scales, ξ>‖ = ξ(α), ξ
<
‖ = ξ(α+
pi), ξa = ξ(α + pi/6), and ξ⊥ = ξ(α + pi/2). We select
a tilt strength τ = 0.5 and determine these four length
scales self-consistently as a function of q. The results are
displayed in Fig. 3c and 3d of the main text.
THE VORTEX AND ATOMIC LATTICES
In Fig. S3 we show vortex core images at zero bias with
the magnetic field parallel to the c axis and perpendic-
ular to the surface (Fig. S3a). The surface Se atomic
lattice image, typically observed in the topography of
this compound is shown in Fig. S3b. The vortex lattice
c
-1 0 1
0.8
1.0
1.2
 d
I / d
V
Bias voltage (mV)
 
 
N
o r
m
a l
i z
e d
 d
I / d
V
a b
1.4
0
FIG. S3. In (a) we show an image of the vortex lattice taken
at T = 0.15 K and magnetic field B = 0.6 T, parallel to the
c axis, obtained from the zero-bias tunneling conductance.
The sixfold star shape of the single vortex is schematically
indicated by a red star. White bar is 30 nm long. In (b)
we show an atomic scale topographic STM image taken in
the area highlighted by a black square in (a). White bar is
1.8 nm long. We indicate a lattice direction (a axis of the
hexagonal structure) and a direction in between crystalline
axes by yellow arrows. The lower right inset shows the Fourier
transform of the image (white bar is 1.9 nm−1 long).
is aligned with the atomic lattice. We plot two vectors
(yellow arrows in Fig. S3), one is oriented parallel to an
in-plane crystal axis, which corresponds to an azimuthal
angle of ϕ = 0◦ and also parallel to one of the main axis
of the vortex lattice. The other vector lies in between
crystal axis vectors (ϕ = 30◦), parallel to the rays of the
star observed in vortex lattice images at zero bias (see
Fig. S2a).
THE TILTED VORTEX CORE
We can plot vortex core profiles by making the radial
average of the smoothed tunneling conductance σ around
isolated vortices. We can fit this to the modified inverse
bell shaped expression given in Ref. [7]. In Fig. S4, we
show the result for the particular experiment of Fig. 1a.
Generally, the vortex core size increases by a factor be-
tween two and four for the zero bias conductance maps,
depending on the azimuthal angle.
When making a zoom into the stripes discussed in
Fig. 1b of the main text, we can gather tunneling con-
ductance curves at the centre of the stripes, in-between
stripes and on their sides. Such a zoom, with the cor-
responding tunneling conductance curves, is shown in
Fig. S5. We find a zero-bias peak at the centre of the
stripes, which splits when leaving the stripes.
In the figure Fig. S6 we show the bias voltage depen-
dence of the conductance maps for different polar angles.
When the field is parallel to the c axis, we recover the
well-known behavior of 2H-NbSe2 and its characteristic
changes in the vortex core patterns with bias voltage.
We highlight here in particular that the apparent core
size increases when reaching gap edge in the electronic
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FIG. S4. Normalized tunneling conductance σ radially av-
eraged for several vortex cores for different polar tilt angles.
Data are obtained from Fig. 1a of the main text and lines
are fits according to Ref. [7] as described in the text. The
distance is the measured distance from the vortex center mul-
tiplied by the vortex frame intervortex spacing a0/γ, where γ
is the anisotropy parameter and a0 the intervortex distance.
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FIG. S5. We show a zoom into the stripes of Fig. 1 of the main
text. We make spatial averages of the tunneling conductance
along the lines shown in the figure. We find a gap in-between
stripes (red), a zero-bias peak at the centre of the stripes
(black), which splits at the border of the stripes (green).
DOS at about 0.8 mV. This is due to the superfluid cur-
rents around the vortex core that produce a Doppler shift
in the quasiparticle peak in the DOS [9–12]. At high po-
lar angles, the vortex cores are already very large at zero
bias, indicating that the current distribution at the sur-
face is highly non-trivial. This changes the core shape
and its bias dependence, as discussed in the main text.
Furthermore, it is interesting to note that magnetic
field nearly parallel to the hexagonal plane oriented along
0o
50o
70o
80o
0 mV 0.8 mV0.4 mV 0.6 mV0.2 mV
FIG. S6. Conductance maps of the vortex lattice as a function
of the bias voltage (shown in the upper row) for different polar
angles (shown in the left column). Scale bars are of 55 nm in
all images and the color code is the same as in Fig. 1 of the
main text or Fig. S5 here.
FIG. S7. Zero-bias conductance image with a magnetic field
of 0.6 T nearly parallel to the surface and an azimuthal angle
at ϕ = 15◦ from a crystalline axis. We observe the same
vortex and stripe pattern as discussed previously, although
there are stripes going along oblique directions. Scale bar is
of 120 nm.
an in-plane direction which is neither along a crystal lat-
tice axis nor in-between produces rather complex stripe
patterns of the vortex lattice on the surface. In Fig. S7 we
show a zero-bias tunneling conductance image obtained
by a field tilted by ϕ = 15◦ from the crystalline axis. The
overall orientation of the stripes is along the tilt of the
magnetic field, but the pattern has no clear periodicity,
with stripes going along directions slightly tilted with the
field and features that can be associated to either of the
cases discussed in the main text.
STRUCTURE OF THE TILTED VORTEX
LATTICE
Due to the out-of-plane anisotropy of 2H-NbSe2 [13–
16], tilted magnetic fields produce considerable modifi-
cations in the vortex lattice. In particular, the lattice
is no longer hexagonal but ellipsoidal when the mag-
netic field is tilted. The distortion is explained within
Ginzburg-Landau (GL) theory of anisotropic supercon-
ductors [17] and has been studied previously using STM
and neutron scattering experiments [18–20]. The vor-
tex lattice is an elongated hexagon, with vortices lo-
cated on an ellipse with its long axis of size a0/γ, with
γ = [1 + Γ−2 tan2(θ)]1/4 cos1/2(θ) (with a0 the intervor-
tex distance, Γ = ξab/ξc the ratio of in-plane and out-
of-plane coherence lengths and θ the polar tilt angle)
[18, 19]. The hexagon within the ellipse has two possible
orientations. The vertices of the hexagon may coincide
either with the long axis or with the short axis of the
ellipse. When the field is tilted by varying the polar an-
gle (θ) at an azimuthal angle (ϕ) fixed along one of the
main vortex-lattice axis, at low tilts, the vertices coincide
with the short axis of the ellipse. For high polar tilting
angles, in particular for fields above θ = 70◦, a transition
occurs in the vortex lattice frame. The vertices of the
hexagon are no longer located along the short axis of the
15
ellipse, because this situation is energetically unfavorable
for high tilts [17]. The vortex lattice then orients itself
with the vertices of the hexagon coinciding with the long
axis of the ellipse. This gives a rotation between A and B
lattices when tilting the magnetic field and was found us-
ing STM and neutron scattering in different compounds
with a strong out-of-plane anisotropy [18–23].
Note also that, for polar tilt angles θ close to 90◦,
the intervortex distance at the surface frame diverges.
This implies that minute changes in the orientation of
the surface with respect to the magnetic field produce
huge changes in the vortex lattice density at the surface.
We show, in particular, areas of the same size at nomi-
nally the same θ, with, five, eight and six vortices in the
two panels of Fig. 1b and in Fig. S7. Note in addition
that these areas are quite large, close to the maximal
scanning range of cryogenic STM experiments. The dif-
ference between numbers of vortices seen in each image
might change when using larger scanning ranges, if sur-
faces with slightly different tilts can be obtained within
the same field of view.
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